cells such as long-term culture-initiating cells (LTC-IC) may be required to overcome slow initial peripheral blood recovery in adult recipients. For these reasons we have Peripheral blood recovery after cord blood (CB) transplantation is delayed compared with marrow. Expaninvestigated in vitro expansion of CB cells. Experiments culturing unseparated CB or mononuclear sion of CB haemopoietic cells has been investigated with the aim of reducing cytopenia following transplantation.
genitor cells, an estimated 1570-fold increase in postprogenitor cells and maintenance of LTC-IC compared
In this study we cultured enriched CB CD34 + cells for 14 days in the presence of IL-3, IL-6, G-CSF, GM-CSF to an untreated donation. Combined with in vivo posttransplant growth factor therapy this could prompt and SCF. Expansion of total cells, CFC and LTC-IC was calculated together with flow cytometric analysis to follow early peripheral blood recovery after CB transplantation, without significant loss of LTC-IC or donor the changes in CD38 and HLA-DR expression of the CD34 + cells during culture. lymphocytes. Keywords: cord blood; CD34 + ; colony-forming cells; Finally, from a practical point of view, clinical expansion of CB cells will require the manipulation and culture of CB LTC-IC; expansion following cryopreservation and it is essential that any cell losses are taken into account when the true benefit of expansion culture in clinical transplantation is being Cord blood (CB) transplants in children are characterized assessed. by slow recovery of neutrophils and to a greater extent platelets, 1 suggesting that progenitor cell numbers in the donation are limiting. Despite limited progenitor numbers sufficient marrow repopulating cells are present, as susMaterials and methods tained engraftment in children has been documented. 2 These data suggest in vitro expansion of relatively well differentiated progenitors will enhance peripheral blood recovCord blood collection ery following CB transplantation. We hypothesise that sufficient marrow repopulating cells are also available for Umbilical CB samples were collected by gravity into sterile reliable engraftment in adult recipients. However, expan-50 ml tubes containing 1000 IU heparin after the umbilical sion of post-progenitor cells, progenitor cells and primitive cord had been clamped and cut by the midwife. All samples were from normal full-term deliveries. Cord blood collection had local hospital ethics committee approval and time entirely at the discretion of the midwife.
Purification of cord blood CD34 + cells Flow cytometry
Cord blood MNC and cells in the MiniMACS CD34 Ϫ were Cord blood MNC were prepared from 40-50 ml CB using assessed for CD34 + content by dual-labelling of 1 ϫ 10 Ϫ fraction were also cultured in the same expansion medium at a seeding density of 4 ϫ 10 5 Assessment of LTC-IC cells/ml with five flasks being set up for each sample. By day 7 of culture, the flasks contained both adherent and
The frequency of week 5 LTC-IC were determined using a limiting dilution assay as previously described. 13 Briefly, non-adherent cells. To carry out a half-medium change on day 7, medium and non-adherent cells were removed from cells of interest were cultured with cryopreserved irradiated bone marrow feeder cells in 96-well plates at six different the flasks and replaced with 5 ml fresh medium. The nonadherent cells were centrifuged for 10 min at 600 g and concentrations with 24 replicates per dilution. Mononuclear cells were plated at concentrations ranging from 250 to returned to the flasks together with 5 ml of the original medium. Cells were not fed on day 10. On day 14 of cul-8000 cells/well, MiniMACS CD34 + cells 25-800 cells/well, MiniMACS CD34
Ϫ cells 1000-32 000 cells/well and cells ture, both adherent and non-adherent cells were harvested from three flasks by the use of 0.25% trypsin and resusfrom expansion cultures 4000-128 000 cells/well in 0.1 ml LTCM. Plates were incubated at 33°C and fed with LTCM pended in 1 ml IMDM. The non-adherent cells only were harvested from the two remaining flasks and subjected to by half media changes every 10 days. During the fifth week of culture, both non-adherent and adherent cells were har-FACS analysis for cell identification. Total adherent and non-adherent cells from three flasks were resuspended in 3 vested from individual wells of three chosen dilutions by the addition of 0.25% trypsin. The cells from each well ml IMDM and assessed by cell counting, clonogenic assay and LTC-IC assay and flow cytometry.
were assayed for CFC by incubation in 1 ml methylcellu- Results are shown in Table 1 . The expansion of CD34 + cells and CFU-GM was not as great as the increase in total cells but Cord blood mononuclear cells was substantial (10-to 79-fold) with a close correlation Processing 40-50 ml of CB using Lymphoprep routinely between the expansion of CD34 + cells and CFU-GM for provided 2.0 Ϯ 0.5 × 10 8 MNC (n = 7), which contained individual samples (r = 0.70). The CD34 + cells maintained 1.34 Ϯ 1.0% CD34 + cells. Their average CFU-GM cloning their CFU-GM clonogenic capacity ( Table 2) . As the efficiency was 22.5% (or 233 Ϯ 85 CFU-GM/10 5 MNC). expansion medium did not contain EPO the proportion of The cloning efficiency of CD34 + cells for total CFU (CFU-CD34 + cells which were BFU-E fell to around 2% at 14 GM and BFU-E) was 51.0 Ϯ 20.3%. No CFU-Mix were days (Table 2 ). However, BFU-E were maintained in all seen under our assay conditions. The LTC-IC frequency cultures with a 4-fold and 10-fold expansion being recorded per MNC was 1/2870 Ϯ 3760 and this corresponded to in two experiments. The percentage of CD34 + cells in the approximately 1/30 of the CD34 + cells being a week 5 cultures fell from around 89% to less than 2% after 14 days LTC-IC.
expansion and the proportion of cells which were CFU-GM fell from 154/10 3 cells to 3/10 3 indicating that mature cells were generated faster than progenitor cells. Flow cyto-
MiniMACS CD34
+ cells metric analysis shows that post-expansion cells had higher The mean purity of cord blood CD34 + cells following Miniside scatter properties than the MACS-positive CD34 + cell MACS separation of CB MNC was 90.1 Ϯ 5.4%. The fraction, suggesting that both larger and more granulated MiniMACS column proved to be very efficient in separatcells were produced, consistent with increasing maturation ing primitive haemopoietic cells from more mature cells (Figure 2 ). In addition, CD34 + events in expansion cultures with none of the eluted LTC-IC being present in the MACS also had increased side scatter so that for accurate analysis negative (CD34 Ϫ ) fraction. Although CD34 + cells were of CD34 + content in expansion cultures slightly different found in the negative fraction on some occasions gating was required. Phenotypic analysis of the MACS (12.3 Ϯ 6.3% of the eluted CD34 + cells) they gave rise to positive CD34 + cells by flow cytometry to assess the proless than 1% of the eluted CFU-GM, producing mainly portion of cells carrying CD38 or HLA-DR was achieved small BFU-E (15 Ϯ 6 BFU-E/10 5 cells). At the same time, by the analysis of a minimum of 10 000 CD34 + events high yields of progenitors and LTC-IC in the MACS- (Figure 3 ). Although the phenotype of CD34 + cells in CB positive fraction were achieved (Figure 1) . Analysis of cells before expansion varied between samples, there were usupre-and post-MiniMACS column showed that the purifially more CD38 Ϫ than CD38 + cells and the least common cation process was not associated with specific loss in LTCsubset was CD38 + /HLA-DR Ϫ (Table 3) . After expansion IC. The mean LTC-IC frequency/CD34
+ cell in the MACSculture such accurate analysis was not possible as fewer positive fraction was 1/32. This was no different to the CD34 + events were available. However, it was clear that mean LTC-IC frequency/CD34
+ cell (1/30) in the MNC during expansion more CD38 + cells were produced than fraction applied to the column. 
CD34 Ϫ cells in expansion culture
MiniMACS CD34 + purification and expansion culture
MACS-negative CD34 Ϫ cells contained very little BFU-E activity, virtually no CFU-GM activity (Figure 1) and no

CFU-GM
BFU-E LTC-IC. When they were cultured under expansion conditions the total cell number fell to 11.4 Ϯ 4.0% on day 14 suggesting that they were surviving lymphocytes from the original preparation (data not shown). None of the cells present after culture of the MACS-negative CD34 Ϫ cells However, cultured CD34 + cells do not fractionate in the were CD34
+ , CFU-GM or LTC-IC (data not shown). same way as fresh CD34
+ cells on the MiniMACS column. The column selects for CD34 + /38 + /DR + cells and many (Ͼ79%) of the CFU-GM and a substantial proportion Discussion (Ͼ24%) of the CD34 + cells are eluted in the MACS negative fraction (data not shown).
Estimation of LTC-IC frequencies showed that on averEnriched CD34 + CB cells harvested in the MACS-positive fraction had the same clonogenic potential and LTC-IC freage 1/32 MiniMACS CD34 + cells purified from CB was a week-5 LTC-IC. After 14 days in expansion culture this quency as the MNC CD34 + population, indicating that they are representive of the CD34 + population found in whole fell to an average of 1/600 with only 1/41000 nucleated cells being an LTC-IC. Despite the dilution of LTC-IC dur-CB. When CB CD34 + cells were cultured in suspension in the presence of growth factors a substantial expansion of ing culture the absolute number always increased (1.2-to 3.7-fold expansion, Table 1) .
CB progenitors and a small but consistent expansion of 5 week LTC-IC was observed. Cell numbers in all the CD34 + Cytospins (n = 4) of cultured cells stained with MayGrunwald-Giemsa were used to estimate the proportions of subpopulations were maintained or expanded. Least expansion was seen in the CD38 Ϫ /HLA-DR + fraction, a popumaturing/mature myeloid cells after expansion. 1.1 Ϯ 0.9% were blasts, 5.5 Ϯ 3.85% promyelocytes, 18.0 Ϯ 6.25% lation of cells thought to contain early progenitors capable of multilineage differentiation 15 or LTC-IC. 16 During the myelocytes, 38.3 Ϯ 10.1% metamyelocytes and 35.0 Ϯ 6.95% were mature neutrophils or band forms. Thus culture, mature cells were produced at a faster rate than progenitors or LTC-IC so that progenitor cells were diluted on average each CD34 + cell generated 1570 blasts, promyelocytes, myelocytes or metamyelocytes.
80-fold and LTC-IC were diluted 1000-fold. The proportion of CD34 + which were CFU-GM did not alter but the fretures loss of LTC-IC from CB, 9 and no change 18 or minimal expansion 9 in peripheral blood and marrow has been demquency of LTC-IC/CD34
+ decreased 17-fold from 1/34 to 1/592. This indicates that a larger percentage (probably onstrated using limiting dilution analysis (LDA). Other reports show LTC-IC expansion in suspension cultures Ͼ80%) of the initial LTC-IC population divided and matured rather than self-renewed. The maturing cells from cord blood (18-to 20-fold 11 in a delta culture system and 2.2-fold in a steady-state culture 19 ) using a cocktail of increased in number to give a 49-fold increase in CFU-GM and maintain the proportion of CD34 + cells which were IL-1, IL-3 and SCF, and 3.2-fold in bone marrow. 20 It is noted that LDA was not used for the assessment of LTC-CFU-GM. The post-progenitor cells increased the most to form more than 90% of the cell population.
IC in these studies and therefore the results must be interpreted with caution. Previous reports show very variable changes in LTC-IC during expansion culture. For example, expansion of bone It is possible that greater expansion of both CFC and LTC-IC could be achieved by the inclusion of recently marrow LTC-IC (5.5-fold) in stroma non-contact cultures initiated with CD34 + /HLA-DR Ϫ cells. 17 In suspension culcharacterised cytokines such as Flt3 ligand 21 or thrombopo- + cells which have also been stained for CD38 and HLA-DR, together with the dual isotype control.
Table 3
Changes in the phenotype of cord blood CD34 + cells during expansion culture this could prompt rapid peripheral blood recovery after CB 
Percent of MiniMACS Percent of CD34
